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Abstract. Kink modes of solar coronal structures, perturbing the loop in the direction along the line-of-sight (LOS), 
can be observed as emission intensity disturbances propagating along the loop provided the angle between the 
LOS and the structure is not ninety degrees. The effect is based upon the change of the column depth of the loop 
(along the LOS) by the wave. The observed amplitude of the emission intensity variations can be larger than the 
actual amplitude of the wave by a factor of two and there is an optimal angle maximizing the observed amplitude. 
For other angles this effect can also attenuate the observed wave amplitude. The observed amplitude depends 
upon the ratio of the wave length of kink perturbations to the width of the structure and on the angle between the 
LOS and the axis of the structure. Sausage modes are always affected negatively from the observational point of 
view, as the observed amplitude is always less than the actual one. This effect should be taken into account in the 
interpretation of wave phenomena observed in the corona with space-borne and ground-based imaging telescopes. 
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1. Introduction 

\ In last few years, significant progress in the observational 

■ study of MHD wave activity of the solar corona has been 
; achieved with SOHO/EIT and TRACE EUV imaging tele- 

■ scopes. Flare-generated decaying oscillations of coronal 
[ loops have been observed and interpreted as kink fast 
. magnetoacoustic modes of the loops (Aschwanden et al. 
; 1999; Nakariakov et al. 1999; Schrijver & Brown 2000; 

Aschwanden et al. 2002). Fast magnetoacoustic waves are 
possibly responsible for events such as coronal Moreton (or 
EIT) waves (Thompson et al. 1998, Ofman & Thompson 
2002). Slow magnetoacoustic waves have been discov- 
ered in polar plumes (Ofman et al. 1997; DeForest & 
Gurman 1998; Ofman, Nakariakov & DeForest 1999) and 
in long loops (Berghmans & Clette 1999; De Moortel, 
Ireland, Walsh 2000; Nakariakov et al. 2000; De Moortel 
2002 ). These observational breakthroughs give rise to the 
use of MHD coronal seismology (Nakariakov et al. 1999; 
Robbrecht et al. 2001; Nakariakov & Ofman 2001) and 
were interpreted to support the idea of wave-based theo- 
ries of coronal heating (e.g., Tsiklauri & Nakariakov 2001), 
and the solar wind acceleration (e.g., Ofman, Nakariakov 
& Seghal 2000). 

Slow and fast magnetoacoustic waves are compressive 
and cause perturbations of plasma density. As an emission 
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depends upon the density, the waves can be detected as 
the emission variations by imaging telescopes. An impor- 
tant characteristic of the phenomenon is the angle between 
the direction of the wave propagation and the line of sight 
(LOS). Imaging telescopes allow us to observe magneto- 
acoustic waves propagating at sufficiently large angles to 
the LOS. In particular, this fact motivated the interpre- 
tation of the propagating EUV emission disturbances as 
slow magnetoacoustic waves (see the references above). 
In addition, Alfven waves, which are linearly incompress- 
ible, as well as almost incompressible kink modes of coro- 
nal magnetic structures (e.g., Roberts 2000 and references 
therein), can also be detected with an imaging telescope 
with sufficient spatial and temporal resolution, if pertur- 
bations of the magnetic field have a component perpen- 
dicular to the LOS. Indeed, as the magnetic field is frozen 
into the coronal plasma, the perpendicular displacement 
of the field can be highlighted by variation of emission 
intensity. 

In this paper we discuss an alternative method for the 
observational detection of kink modes of coronal magnetic 
structures oscillating in the plane containing the LOS. It is 
shown that this would lead to modulation of the intensity 
of the emission along the axis of ttie structure, produced 
by the change of the LOS column depth of the loop. We 
also demonstrate that this phenomenon is important for 
sausage modes. 
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2. Kink modes of cylindric magnetic structures 

Kink modes of coronal loops, observed in particular, with 
the TRACE EUV imaging telescope (see the references 
above) , are periodic transverse displacements of the mag- 
netic flux tube forming the loop. They should be distin- 
guished from sausage modes which do not perturb the 
tube axis. Modeling the loop tube as a straight magnetic 
cylinder uniform along the axis, Edwin & Roberts (1983) 
found that the kink modes can be either surface or body, 
depending upon the structure of the mode inside the tube. 
Also, the modes can be slow or fast, corresponding to fast 
and slow magnetoacoustic waves modified by the structur- 
ing of the medium. In particular, in the low-/? plasma of 
the solar corona, coronal loops can support fast and slow 
kink body modes. 

In the case of a kink mode the loop tube oscillates 
almost as whole and the cross-section of the loop is prac- 
tically not perturbed by the oscillation. Also, the density 
perturbation inside the loop is insignificant in this mode. 
Indeed, for fast magnetoacoustic waves in a low-/3 coronal 
plasma, the field-aligned flows 14 are much smaller than 
the transverse motions Vx- Consequently, from the con- 
tinuity equation, one gets that the density perturbations 
p are connected with the transverse perturbations by the 
expression 

f ^ i^, (1) 

where po and Cao are the density and the Alfven speed 
inside the loop tube, respectively, and other notations are 
standard. As the frequency lo of the fast kink mode of a 
coronal loop tends to the value CAok with the increase 
of the wave number k (Edwin & Roberts 1983, Fig. 4), 
the coefficient on the right hand side of Eq. (|l|) tends to 
zero in the same limit. Consequently, the fast kink mode 
is almost incompressible. We would like to stress that the 
characteristic spatial scale of the mode inside the loop 
tube is quite different from the loop tube diameter. In the 
limit cij/fc — > Cao , the characteristic transverse scale inside 
the tube tends to infinity, i.e., inside the tube diameter 
the density is not perturbed. Outside the tube, the scale 
is different and it determines the mode localization length, 
which is about ^llP- IC\^ — fc^, where Cah is the Alfven 
speed in the external medium. Consequently, outside the 
loop tube, the kink mode can be quite compressible. 

The fast kink mode is often confused with the true 
incompressible Alfven mode. However, the Alfven mode 
modified by structuring is the torsional mode which, in 
the linear limit and cylindrical geometry, does not perturb 
the tube boundary. 

Consider a kink mode which symmetrically perturbs 
the boundary of the loop tube. The wavelength is assumed 
to be much shorter than the loop length, so the loop can be 
considered as a straight cylinder. The plane of the trans- 
verse oscillations produced by the kink mode forms an 
angle a with the line-of-sight (LOS). In the following, we 
assume that the angle a is zero, i.e. LOS is co-planar with 




Fig. 1. A snapshot of perturbation of a segment of a coro- 
nal loop by a harmonic kink wave and produced variations 
of the emission intensity along the loop image. The vari- 
ations produce the change of the LOS column depth of 
the loop if the angle Q between the loop axis and the line- 
of-sight differs from ninety degrees. The variations of the 
column depth of the loop modulate the emission intensity 
l[d) on the loop image. 



the plane of oscillation. The tube axis has an angle Q with 
LOS (see Figure 1). We neglect the perturbations of den- 
sity by the mode, assuming that the density is equal to the 
unperturbed density po- The tube diameter is w. We also 
assume that the diameter of the tube does not change in 
time and space. The intensity of the emission / produced 
by the loop is proportional to the LOS column depth of 
the loop tube / and to the density of the plasma squared, 

/ « pII. (2) 

In the absence of the perturbations, the intensity / along 
a straight segment of the loop is constant, / oc p\w j sin Q. 

When the loop experiences kink perturbations, the col- 
umn depth l{d,t) of the loop tube depends upon the co- 
ordinate d along the loop (taking into account the effect 
of projection, see Fig. 1) and changes with time t. As, in 
the optically thin medium, the intensity of the emission is 
proportional to thickness of the volume of plasma emit- 
ting the radiation, the variation of the LOS column depth 
causes the variation of the intensity. Thus, the emission 
intensity variations can be produced even by entirely in- 
compressible kink waves, and consequently, by the almost 
incompressible kink modes of coronal loops. 

Note that the density perturbations produced by the 
wave outside the loop are ignored in Eq. (||), as the exter- 
nal plasma is observed to be much more rarefied. 
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Fig. 2. The effect of changing wavelength (a), wave amplitude (b) and viewing angle (c) respectively on the observed 
emission intensity variations along a straight segment of a coronal loop in the presence of a harmonic kink wave. The 
intensity / is normalized to the unperturbed intensity in the absence of the wave. The distance d is normalized to the 
loop diameter. On the left panel, the dotted curve corresponds to the wavelength A = 47r, the solid to A = 27r and the 
dashed to A = tt, measured in loop diameters. For all curves, the normalized wave amplitude is a = 0.05 and the angle 
between the loop axis and the LOS is ^ = 7r/4. On the middle panel, the dotted curve corresponds to a = 0.02, the 
solid to a = 0.05 and the dashed to a = 0.1, for A = 27r and 9 — tt/4. On the right panel, the dotted curve corresponds 
to ^ = 7r/3, the solid to 9 = 7r/4 and the dashed to 9 = tt/Q, for a = 0.05 and A = 2tt. 




Fig. 3. Dependence of the observed amplitude of emission 
intensity variations along a straight segment of a coronal 
loop in the presence of a harmonic kink wave upon the 
wave number k, normalized to the loop diameter and the 
wave amplitude, which is 0.05 for all three curves. The 
dotted curve corresponds to the angle between the loop 
axis and the LOS 9 = 5^/12 (75°), the solid to 6* = 7r/4 
(45°) and the dashed to 61 = 7r/9 (20°). The solid hori- 
zontal straight line indicates the actual normalized wave 
amplitude. Points above this line indicate amplification 
while points below indicate attenuation. 



Fig. 4. Dependence of the observed amplitude of emission 
intensity variations along a straight segment of a coronal 
loop in the presence of a harmonic kink wave upon the an- 
gle between the loop axis and the LOS 9. The dotted curve 
corresponds to the wave amplitude a = 0.02, the solid to 
a = 0.05 and the dashed to a = 0.1, for the normalized 
wavelength A = 27r. Similarly the straight horizontal lines 
represent the actual amplitude of their respective waves. 
Points above these lines indicate amplification while points 
below indicate attenuation. 

3. Parametric studies 



3.1. Kink modes 



Consider a snapshot of a harmonic kink perturbation of a 
straight tube modeling a segment of a coronal loop. At a 
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given time, boundaries of the tube are given by the equa- 
tions 



a sin (fcz) ± 



w 



(3) 



where a is the perturbation amphtude and k is the wave 
number (k = 27r/A where A is the wavelength), and the 
plus and minus signs correspond to the upper and lower 
boundaries, respectively. The geometry of the problem is 
shown in Fig. 1. Observing the tube at an angle 9, we see 
that the LOS column depth of the tube is modulated by 
the kink perturbation. The family of parallel LOS is given 
by the equation 



2 tan 6* — d/ cos 9, 



(4) 



where the parameter d represents the coordinate across 
the LOS and, consequently, along the image (see Fig. 1). 

Solving the set of equations and (^, we find the 
intersections of the LOS with the tube boundaries. We 
then have two points, one where the LOS enters the tube 
and one where it exits. Using these points we can deter- 
mine the column depth of the tube along a given LOS as 
a function of the coordinate d along the image. Note that 
the line of sight may pass into and out of the flux tube 
more than once for certain amplitudes, LOS angles and 
wave numbers. We must therefore take into account all 
solutions of the set (^)-(^) and whether the line of sight 
is inside or outside of the tube. The LOS passing through 
the tube more than once only occurs if the gradient of the 
normal to the LOS is greater than the minimum gradient 
of equations (0), i.e. 



ak > 



tan( 



(5) 



Thus, we determine the LOS column depth of the tube 
as a function of the position on the image, which, if the 
density of plasma inside the tube and the width of the 
tube across the LOS remain constant, is proportional to 
the intensity of the emission coming from the tube. The 
intensity is normalized to the intensity given by a tube at 
the same angle to the LOS but with zero amplitude waves, 
a — 0. This measures the effect the presence of waves have 
on intensity. 

Figures 2-4 demonstrate how the effect discussed de- 
pends upon the parameters of the problem. Fig. 2 shows 
the distribution of the emission intensity along the tube 
on an image for different wavelengths and amplitudes of 
the kink mode and the observation angles 9. Obviously, 
the observed variation of the emission intensity is pro- 
portional to the amplitude of the wave and it decreases 
with the increase of the wavelength. Indeed, in the limit- 
ing case when the wavelength tends to infinity, the LOS 
column depth of the tube does not change and the effect 
vanishes. The observed amplitude is calculated as the dif- 
ference between the maximum and the minimum values 
of the observed intensity, divided by two. The dependence 
of the observed amplitude of the intensity perturbations 
upon the wave number of the kink wave is shown in Fig. 3. 



We gather from this graph that: For the 75° dotted line 
there is a decrease in the attenuation with increasing k for 

< /c < 2; for the 45° sohd line, for < fc < 1, there is 
a decrease in the attenuation with increasing fc, while for 

1 < fc < 2 there is an increase in the amplification; for the 
20° dashed line, for the range of fc's conisdered, there is an 
optimal wave number corresponding to the maximum am- 
plification. To graphical accuracy the 75° and 45° curves 
with amplitudes a = 0.02 and a = 0.1 are identical to 
the a — 0.05 curves and the a = 0.02 and a = 0.1, 20° 
curves (not plotted) he very close to the a = 0.05 dashed 
curve. Therefore non-linear amplitude effects within the 
parameter regimes considered are small to observational 
accuracy and not considered further here. 

According to the right panel of Fig. 2 and Fig. 4, the 
dependence of observed amplitude of the intensity varia- 
tions upon the angle 9 has a pronounced maximum, cor- 
responding to an optimal angle of the wave detection. 
Indeed, the effect of the modulation of the observed in- 
tensity by a kink wave vanishes when the angle tends to 
7r/2, while the whole approach fails when 9-^0 (the left- 
most data points in Fig. 4 correspond to 9 — 3°). Fig. 4 
clearly demonstrates, however, that there is an optimal an- 
gle which yields the maximum observed amplitude. Thus, 
this phenomenon would make it possible to observe kink 
modes in a certain segment of a coronal loop (in the real- 
istic curved geometry), where the angle 9 is optimal. This 
optimal angle varies with fc and weakly with a, figure ^ 
It corresponds closely to a LOS passing through a max- 
imum of the upper curve and a neighboring minimum of 
the lower curve (see equations (||)). Similarly, there can be 
other optimal angles, if the LOS passes through a maxi- 
mum of the upper curve and another minima of the lower 
curve. This estimation for the optimal angles 9max gives 



arctan 



k{w + 2a) 



2tt (r 



(6) 



where n = 1,2, 3... is the peak number with decreasing 9. 
The highest three rightmost peaks (for the same 9, but 
different amplitudes) in figure ^ correspond to n = 1. 
Peaks corresponding to the higher values of n = 2 and 
3 are progressively smaller than the peaks at n 1. It 
is possible that the optimal angles smaller than this one 
corresponding to n = 1 are not relevant to coronal appli- 
cations, as for sufficiently small angles the curvature of the 
loop plays an important role. The loop may only be mod- 
eled by a straight cylinder if the approximately straight 
loop section is sufficiently long. 

There are also angles corresponding to zero intensity 
variation, the first is at = 90° (see Fig. 4). Here a LOS 
passes through the maxima of both curves and the angles 
are given by 



arctan 



kw 



27rn 



(7) 



When the angle is about these values the observed am- 
plitude is attenuated and at these zero points kink waves 
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Fig. 5. Dependence of the optimal observation angle along 
a straight segment of a coronal loop in the presence of a 
harmonic kink wave upon the wave number k. The solid 
curves corresponds to the actual optimal angles and the 
dashed correspond to equation ^) for the amplitude a — 
0.1, top, a = 0.05, middle and a — 0.02, bottom. Note 
that the deviation between theory (Eq.(6)) and numerical 
calculation is tolerably small, however, it grows with the 
increase of a and k. 



may not be detected at all. Note that these points do not 
depend on amplitude. In figure ^ the straight horizontal 
lines at the respective wave amplitudes divide the graph 
into two regions; above, where the observed signal is am- 
plified, and below, where it is attenuated. If these curves 
are normalized to the amplitude, a, then to graphical accu- 
racy they collapse on top of each other everywhere except 
for the vicinity of the peaks where they are still close. 

3.2. Sausage modes 

Similarly, the effect discussed above should be impor- 
tant for sausage modes too. Indeed, as the sausage modes 
are the propagating perturbations of the loop tube cross- 
section, the LOS column depth of the loop is modulated 
by these waves too. To complete the picture, we now per- 
form a study of the LOS effect on observability of sausage 
waves. 

The boundaries of a straight tube exhibiting sausage 
oscillations can be given by the equations 



w 
2" 



X — a sin ykz + 
corresponding to the upper boundary and 



37r\ w 
X = a sm ^ ~^ ~2' j ~ '2 



(8) 



(9) 
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Fig. 7. Dependence of the observed amplitude of emission 
intensity variations, normalized to twice the wave ampli- 
tude, along a straight segment of a coronal loop in the 
presence of a harmonic sausage wave upon the wave num- 
ber fc, normalized to the loop diameter, a — 0.05 for all 
three curves. Curves of amplitudes a = 0.1 and a = 0.02 
are almost identical to graphical accuracy. The dotted 
curve corresponds to twice the angle between the loop 
axis and the LOS 9 = 57r/12 (75°), the solid to 6* = tt/A 
(45°) and the dashed to 6* = 7r/9 (20°). Twice the nor- 
malized wave amplitude is at {Imax — Imin)/4:a = 1. All 
points fall below this line, indicating attenuation of the 
expected measurements. The minimum of the 20° curve is 
of a similar nature to the minimum found in figures |^ and 



corresponding to the lower boundary. The family of paral- 
lel LOS is given by equation (4). We solve these equations 
in the same way as for the kink oscillations. Figure || shows 
the distribution of emission intensity along the tube for 
the same parameters as those given in figure ^. The wave- 
length, fc, and angle, 9, at high angles have the opposite 
effect of kink oscillations on the amplitude intensity, fig- 
ures 1^ and ||. The best observation angle is 9 — 90° as 
expected. Note that the analysis here is two dimensional 
and the observed intensity amplitude would be increased 
for a three dimensional tube if the telescope pixel size is 
of the order of the tube width. However only the intensity 
scale of figures II to || would change and not the form. The 
optimum angle for the detection of sausage modes is still 
90°. The LOS only passes into and out of the tube once 
for the angles considered. 

4. Conclusions 

The phenomenon of the modulation of the emission in- 
tensity by kink modes polarized in the plane formed by 
the loop axis and the LOS provides a possibility for the 
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d d d 

Fig. 6. The effect of changing wavelength (a), wave amphtude (b) and viewing angle (c) respectively on the observed 
emission intensity variations along a straight segment of a coronal loop in the presence of a harmonic sausage wave. 
The parameters A, 6 and a have identical values to those given in figure p[ 




Fig. 8. Dependence of the observed amplitude of emission 
intensity variations along a straight segment of a coronal 
loop in the presence of a harmonic sausage wave upon the 
angle between the loop axis and the LOS 0. The dotted 
curve corresponds to the wave amplitude a = 0.02, the 
solid to a = 0.05 and the dashed to a = 0.1, for the nor- 
malized wavelength A = 27r. The horizontal straight lines 
are added for comparison with figure ^ and correspond to 
the amplitude of the respective waves. Note that the am- 
plitude at 90° gives the largest amplitude and therefore 
we only see attenuation below this. 



observational detection of the kink modes in coronal struc- 
tures. According to the discussion above, the LOS effect 
at an optimal angle, 9.„iax, can amplify the kink pertur- 
bations by a factor of 2 (cf. Fig. 4). For example, if the 
boundary perturbation is produced by a kink mode of a 
relatively modest amplitude of about 5%, which corre- 
sponds to the typical coronal wave amplitudes detected by 



SOHO/EIT (DeForest & Gurman 1998) and by TRACE 
(e.g. De Moortel et al. 2002 and references therein), the ob- 
served perturbation of the intensity produced by the kink 
wave can reach 10%, which would make the wave easily 
observable. In contrast, the optimal observation angle for 
the sausage modes is simply 90° (cf. Fig. 8). Consulting 
figures H and ^ we can see parameter regimes for both 
amplification and attenuation of the kink mode observa- 
tions. Figures and || demonstrate that relative to 90° 
observations there is only attenuation of sausage modes. 
Additional observability constraints are connected with 
the wave period and length. In the case of EUV imaging 
coronal telescopes, such as EIT and TRACE, the observ- 
ability of the waves is limited by the telescope time reso- 
lution. For example, taking the kink speed inside a loop 
to be 1000 km/s, which corresponds to the estimations 
in Nakariakov et al. 1999, Nakariakov & Ofman 2001, the 
time resolution of about 30 s does not allow us to observe 
wavelengths shorter than 30 Mm. 

In the case of ground-based observations, when the 
loop is observed in the green line bandpass, the observ- 
ability is limited by the spatial resolution of the telescope, 
which is usually over a few arcsec, as the time resolution 
of such observations is usually less then 1 sec (e.g, the 
cadence time of SECIS is 2.25xl0~^ s and the pixel size 
is 4.07 arcsec, Williams et al. 2001). In particular, this 
effect can be responsible for propagating 6 second distur- 
bances of the Fexiv green line, discovered by the stro- 
boscopic method in a solar eclipse data and interpreted 
as fast magnetoacoustic waves (Williams et al. 2002, see 
also Williams et al. 2001). Indeed, estimating the wave- 
length of the perturbations at about 18 Mm (for the wave 
period of about 6 s and the propagation speed of about 
2 Mm/s), we conclude that the waves are detectable with 
the time and spatial resolution of the telescope. For loop 
widths of about 3-6 Mm, the normalized wavelength is 
about 3-6, which gives the wavenumber k of about 1-2. 
According to Fig. 3, the LOS effect discussed in this pa- 
per could amplify the observed amplitude of the wave, 
optimizing the observability of the modes. According to 



Cooper, Nakariakov & Tsiklauri: Observability of kink modes.. 



7 



figure 1^, for the parameters discussed, the optimal angle 
would be about 20° — 40°. This makes the phenomenon 
discussed here relevant to the interpretation of Williams et 
al. (2002)'s results. However, the confident interpretation 
of the propagating disturbances in terms of the kink waves 
requires detailed comparison of the observed results and 
theoretical predictions. Also, interpretation of these ob- 
servations in terms of propagating kink modes should be 
tested against another possible interpretation of the waves 
as sausage modes. The study of the possible relevance of 
the LOS effect to the interpretation of short wavelength 
propagating waves observed in the corona by Williams et 
al. (2002) is now in progress and will be presented else- 
where. 

Also, this phenomenon should be taken into account in 
the analysis of other examples of coronal wave activity, in 
particular the slow waves in loops and polar plumes, dis- 
cussed in Introduction. However, direct application of the 
results presented in this paper to the coronal slow mag- 
netoacoustic waves is not possible as the slow waves are 
essentially compressible, and the density variation should 
be taken into account in Eq. ^) . This phenomenon should 
also be taken into account in interpretation of intensity 
oscillations observed in prominence fine structures (e.g. 
Joarder, Nakariakov & Roberts 1997; Diaz et al. 2001). 
This suggests another possible development of this study. 
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